The uptake of FH is significant also in liver parenchymal cells, 4) although no scavenger receptor has been documented to be present, except for our suggested scavenger-like receptors responsible for the uptake. 9, 10) To further clarify the mechanism of FH uptake in liver parenchymal cells, we examined the effects of several anionic proteins, including Mal-BSA on the uptake, and kinetically characterized the uptake by the Mal-BSA-sensitive and insensitive scavenger-like receptors suggested in this study.
We selected anionic proteins that are known to be substrates of scavenger receptors documented in the literature to probe into substrate recognition characteristics of scavenger-like receptors in comparison with those of scavenger receptors.
MATERIALS AND METHODS

Materials [ 3 H(G)]
Heparin sodium salt of porcine mucosal origin (#2643-135, 144 U/mg, 7.4 MBq/mg) was purchased from DuPont-NEN Co. (Boston, MA, U.S.A.). Unlabeled heparin sodium salt of porcine mucosal origin, low density lipoprotein from human plasma and bovine serum albumin which is essentially fatty acid free, were purchased from Sigma Chemical Co. (St. Louis, MO, U.S.A.). Williams' E medium and collagen-coated plastic dishes were purchased from Dainippon Pharmaceutical Co. (Osaka, Japan) and Iwaki Glass Co. (Tokyo, Japan), respectively. All other chemicals were commercially available and of the highest grade.
Fractionation of Heparin Commercially obtained [
3 H]-heparin and unlabeled heparin were fractionated by affinity chromatography on protamine-Sepharose, followed by gel filtration chromatography on Sephadex G-100, as described in our previous report.
11) FH of about 20000 Da was used for this study. The concentration of unlabeled heparin was determined by the carbazole reaction.
12)
Modification of Bovine Serum Albumin and Low Density Lipoprotein Acetylation of low density lipoprotein was performed by a treatment with acetic anhydride, 13) and oxidation was performed by a treatment with CuSO 4 .
14) Maleylation of bovine serum albumin was performed by a treatment with maleic anhydride. 15 proteins was performed by a treatment with TNBS (2,4,6-trinitrobenzenesulfonic acid sodium salt dihydrate). 16 ) Lysine residues of low density lipoprotein were 75% acetylated and 50% oxidized, respectively, in Ac-LDL and Ox-LDL, and lysine residues of bovine serum albumin were almost completely maleylated (more than 99%) in Mal-BSA. For estimation of molar concentrations, the molecular weight of Ac-LDL and Ox-LDL was assumed to be 1800 kDa. 17) Isolation of Liver Parenchymal Cells Male Wistar rats (6-8 weeks old and about 200 g) were used without fasting. Liver parenchymal cells were isolated from the rats anesthetized with urethane (1 g/kg, i.p.), as described in our previous report.
18) The liver parenchymal cells, whose viability was routinely checked by the trypan blue exclusion test and was greater than 95%, were seeded in collagen-coated plastic dishes (2 ml/dish) at a density of 5ϫ10 6 cells/ml in Williams' E medium containing 5% newborn calf serum, 10 Ϫ7 M insulin, 100 U/ml penicillin, 100 mg/ml streptomycin and 0.25 mg/ml amphotericin B, and maintained in 95% air-5% CO 2 for 24 h. The medium was replaced by Williams' E medium without newborn calf serum 20 h after seeding. Uptake and binding experiments were carried out using the cultured cells 4 h after the medium was changed.
Uptake and Binding Experiments Test solutions were prepared in Hanks' basic salt solution containing 10 mM HEPES and adjusted to pH 7.4; the solution contained fractionated [ 3 H]heparin (5 nM) with or without inhibitors. For experiments at higher FH concentrations unlabeled FH was added. Liver parenchymal cells were washed twice with 2 ml Hanks' basic salt solution containing 10 mM HEPES (pH 7.4). Uptake experiments were started by adding 2 ml of test solution to the dishes and the cells were incubated at 37°C for indicated times in 95% air-5% CO 2 , and stopped by washing the cells twice with 2 ml Hanks' basic salt solution containing 10 mM HEPES (pH 7.4) at 4°C. After uptake experiments to remove FH bound to the cell surface, the cells were incubated with 2 ml Hanks' basic salt solution containing 1 M NaCl at 4°C for 5 min. This method can almost completely remove specifically bound FH at the cell surface. 10) The dissociated radioactivity in the solution was assumed to represent the cell surface-bound amount of FH and undissociated radioactivity in the cells was assumed to represent the internalized amount. To estimate the internalized amount, liver parenchymal cells were detached from the dish using a rubber policeman, and collected by suspending in 3 ml of ice cold saline. Each suspension was placed in a counting vial and solubilized with 1.2 ml Soluen-350 for 30 min, and the samples (1 ml) were then mixed with 10 ml Scintisol EX-H (Dojindo Co., Kumamoto, Japan) to determine the radioactivity. Protein content was determined by the method of Lowry et al. 19) at the end of each experiment. Binding experiments were carried out at 4°C, at which temperature the internalization of FH is negligible.
Data Analysis The binding (B) versus concentration (C) profile was analyzed by the following equation: (1) where B max and K d represent the maximum binding capacity and dissociation constant, respectively. Computer fitting was conducted using a nonlinear regression program, WinNonlin (Pharsight Co., Mountain View, CA, U.S.A.), to estimate B max and K d .
Further kinetic characterization of the uptake of FH was done by analyzing time courses of the surface binding and internalization according to a kinetic model described by the following equations:
where X s , X in , k on , k off and k int,app represent the surface binding amount, the internalization amount, the association rate constant, dissociation rate constant and apparent internalization rate constant, respectively. By solving those differential equations, X s and X in are expressed as follows: (4) (5) where A equals k oṅ Cϩk off ϩk int,app . The B max was fixed at the value obtained in the binding experiments. The time courses of X s and X in for a single medium concentration (C), which was unchanged during uptake experiments, were simultaneously fitted to Eqs. 4 and 5 using WinNonlin.
Statistical Analysis Levels of statistical significance were assessed using Student's t-test or ANOVA.
RESULTS AND DISCUSSION
Inhibition of FH Uptake by Anionic Proteins
In our previous study the method of washing liver parenchymal cells with 1 M NaCl was verified to be effective in removing and evaluating specifically bound FH at the cell surface. 10) The highly saturable nature of surface bindings, described in the following section, is consistent with the suggestion that the surface binding evaluated in this study is specific binding. It should be noted that our earlier study also showed that nonspecific binding was negligible. 10) Both the surface binding and internalization of FH (5 nM) in rat liver parenchymal cells were almost completely inhibited and reduced to 3.1Ϯ0.7 and 15.0Ϯ7.6% of control (meanϮS.E., nϭ3), respectively, by 5 mM of dextran sulfate, a typical substrate of scavenger receptors that belong to a major class A, as we reported.
10) However, FH uptake was found to be unaffected by Ac-LDL (Fig. 1A) , another typical substrate that has affinity for not only class A receptors but also those which belong to another major class B. We earlier found that Ac-LDL inhibited FH uptake in Kupffer cells by both Mal-BSA-sensitive and insensitive receptors, which are presumed to belong to some classes of scavenger receptors. 8) These results suggest that although scavenger-like receptors that have affinity for some anionic macromolecules are responsible for FH uptake in liver parenchymal cells, they are different, in terms of sensitivity to Ac-LDL, from major scavenger receptors and those involved in FH uptake in Kupffer cells. Among various scavenger receptors known to date, only macrosialin 20) and SR-PSOX (scavenger receptor
that binds phosphatidylserine and oxidized lipoprotein) 21) are reportedly insensitive to Ac-LDL, though they are presumed to be present in macrophages.
As shown in Fig. 1B , the surface binding of FH (5 nM) decreased with an increase in Mal-BSA concentration and reached about 60% of control at 5 mM Mal-BSA. However, thereafter it remained unchanged at a much higher Mal-BSA concentration of 50 mM, suggesting that the remaining 60% of FH is bound to receptors that do not have affinity for Mal-BSA. Consistent with these results for binding, a comparable fraction (about 60%) of the amount internalized in the absence of Mal-BSA was found to be internalized in the presence of Mal-BSA at excessive concentrations of 5 and 50 mM. Thus, it can be presumed that the scavenger-like receptors that have affinity for Mal-BSA are saturated at those high Mal-BSA concentrations. It is likely that the K d value of Mal-BSA binding to those receptors is much lower, similar to those reported for scavenger receptors (5-30 nM).
22) The FH concentration of 5 nM in those experiments is, on the other hand, lower than the K d values (about 25 nM) described below for FH binding to the scavenger-like receptors. It was also found that Ox-LDL inhibits the surface binding and internalization of FH to an extent similar to that by Mal-BSA (Fig. 1C) , while the addition of Mal-BSA and Ox-LDL together at the same high concentrations of 5 mM did not lead to any further inhibition (Fig. 2) .
Based on these findings, scavenger-like receptors involved in the uptake of FH in liver parenchymal cells can be classified into two types, Mal-BSA-insensitive receptors and Mal-BSA-sensitive receptors, and only the Mal-BSA-sensitive receptor is also sensitive to Ox-LDL. Interestingly, both of them are sensitive to dextran sulfate but insensitive to Ac-LDL, which is known to be a typical substrate of major scavenger receptors, and both these receptor types are involved in FH uptake in Kupffer cells.
Kinetic Analysis of FH Uptake To further clarify the mechanisms of FH uptake by each type of receptor, we conducted kinetic analyses of the surface binding and internalization. To determine the maximum binding capacity (B max ) and the dissociation constant (K d ), binding experiments were conducted at the low temperature of 4°C, where receptormediated internalization does not occur, and the surface binding was measured at 2 h after initiation of binding by which time surface binding had previously been shown to reach equilibrium. 10) At various FH concentrations, total binding was measured in the absence of Mal-BSA and Mal-BSA-insensitive binding was measured in the presence of 50 mM Mal-BSA. At the Mal-BSA concentration and a lower concentration of 5 mM, the extent of the inhibition of FH binding was almost constant at the highest FH concentration of 200 nM, ensuring complete inhibition of Mal-BSA-sensitive binding for all FH concentrations in these experiments. Mal-BSA-sensitive binding was estimated by subtracting the Mal-BSA-insensitive one from total binding.
The binding versus concentration profiles (Fig. 3 ) revealed saturability of binding for both types of receptors. As shown in Table 1 , K d values were comparable for these receptors, suggesting comparable affinity for FH, while B max was larger for the Mal-BSA-insensitive receptor than for the Mal-BSAsensitive one, suggesting larger capacity (or receptor density) for the former.
To characterize the processes of association to and dissociation from receptors and internalization, time courses of the surface binding and internalization were evaluated at the FH concentration of 100 nM, and analyzed using the kinetic model expressed by Eqs. 4 and 5 for each type of receptor. In these experiments, Mal-BSA-insensitive binding and internalization were, as in preceding binding experiments, measured in the presence of 5 mM Mal-BSA and subtracted from total binding and internalization, respectively, measured in the absence of Mal-BSA for estimation of Mal-BSA-sensitive ones. The data were successfully described by the presented model for both types of receptors (Fig. 4) . As summarized in Table 1 , the value of the apparent internalization rate constant (k int,app ) was comparable for these receptors. The association rate constant (k on ) and dissociation rate constant (k off ) were about 4 and 40 times, respectively, larger for the Mal-BSA-insensitive receptor than for the sensitive one. Although the differences did not reach a significance level of pϽ0.05, the suggestion that both k on and k off are larger for the former seems consistent with the result that surface binding reached equilibrium faster for the former.
The internalization of FH, with the half life (ln 2/k int,app ) of about 150 min, seems to be much slower than those of polypeptides, for example, EGF (internalization half life of about 7 min). 23) Although slow, it was almost completely inhibited when specific surface binding was inhibited by dextran sulfate, as described above. Therefore, the internalization process is presumed to be mediated by scavenger-like receptors that can be blocked by dextran sulfate. Internalization is also slow in Kupffer cells, with the half lives of about 30 and 50 min, as we reported previously. 8) On the other hand, the elimination of FH from plasma is rapid after intravenous administration to rats in vivo, and is almost completed in an hour with the major contribution of hepatic uptake. 4, 5) Thus, from the viewpoint of in vitro-in vivo comparison, the binding process to the cell surface which could take as long as an hour to reach equilibrium, as shown for Mal-BSA-sensitive binding in this study and Mal-BSA-sensitive and -insensitive bindings in Kupffer cells, 8) may be more relevant to in vivo elimination of FH from plasma.
In conclusion, it was found that scavenger-like receptors responsible for the uptake of FH in liver parenchymal cells can be classified into two types in terms of sensitivity to Mal-BSA. Both the Mal-BSA-sensitive and insensitive receptors are sensitive to dextran sulfate, but not to Ac-LDL. They were suggested to be different from major scavenger receptors and those involved in FH uptake in Kupffer cells, which are sensitive to Ac-LDL. Kinetic analyses of FH uptake revealed that B max was larger for the Mal-BSA-insensitive receptor than for the Mal-BSA-sensitive one, while K d and k int,app values were comparable. Thus, it seems that the Mal-BSA-insensitive receptor is more abundant than the Mal-BSA-sensitive one, though they are comparable in affinity for FH and internalization efficiency. Information obtained in this study should be helpful for understanding the disposition mechanism of FH and also of anionic macromolecules and for developing delivery strategies, though the physiological roles and molecular identity of each receptor need to be further clarified in the future. 
